Poly(ethylene glycol) (PEG) is a common building block for complex functional molecules. Because of its chain flexibility and hydrophilicity, it is widely used in bioconjugation chemistry. Modern applications require PEGs of high purity, hence well-defined, monodisperse PEG oligomers are gaining more attention.
Introduction
Poly(ethylene glycol) (PEG) ‡ derivatives have found numerous applications in modern chemistry, especially as building blocks for dendrimers, 1-3 thermoresponsive materials, 4, 5 hydrogels, 6 self-assembling systems 7, 8 and surface modifying agents. 9, 10 PEG-based compounds are also widely used in protein chemistry for crosslinking, 11 conjugation with small molecules 12, 13 and PEGylation. [14] [15] [16] [17] [18] Particularly, heterobifunctional PEG linkers are promising components of rapidly developing antibody-drug conjugates.
In the recent two decades, monodisperse PEGs (i.e. single chemical compounds of well-defined length) have received significant attention as potential next-generation cross-linking reagents. 19 The advantages of using monodisperse PEGs include uniform behaviour of all molecules at the molecular level, well-defined dimensions, simple interpretation of MS spectra, ability of being analysed by methods restricted to discrete molecular structures, e.g. XRD, 5 and high batch-to-batch reproducibility, a feature highly important in the pharmaceutical industry.
For instance, monodispersity of the PEG chain in a PEGylated drug is preferable during the drug registration process.
Although monodispersity offers significant benefits, synthesis of well-defined PEG oligomers requires remarkably more time and resources than simple polymerization. Various synthetic approaches concerning the synthesis of monodisperse PEGs have been proposed in the last two decades. Initial studies focused on synthesis of simple, symmetric PEGs. [20] [21] [22] [23] [24] [25] [26] However, unmodified PEG chains have limited applications and preferably asymmetric derivatives are of more practical interest. [27] [28] [29] Even though it is relatively easy to prepare a symmetric derivative from a corresponding unsubstituted PEG, efficient and selective monosubstitution, leading to an asymmetrically modified molecule, is challenging, particularly in the case of long oligomers. [30] [31] [32] In order to solve this issue, synthesis of asymmetric monodisperse PEGs has been tackled in a number of papers, especially in the last two years. 31, [33] [34] [35] [36] [37] [38] New concepts designed to reduce experimental complexity included customised chemical structures and tags facilitating chromatographic purification 34, 36, 37 and the development of new proasymmetric building blocks. 38, 39 However, although significant progress has been made, all of these processes still suffer from multiple chromatographic purifications and relatively low overall yields, compared to the syntheses of the corresponding symmetric PEGs. Due to this, asymmetric monodisperse PEGs are still not as accessible as their polydisperse counterparts. synthetic method featuring both oligomer purity and synthetic simplicity. The key compounds of our approach are oligo(ethylene glycol) mono-p-toluenesulfonates (PEG n -Ts). This class of compounds was prepared in a chromatography-free, simple process in high yield and in high purity. As the two end groups show completely different reactivities, PEG n -Ts can be further modified to yield various heterobifunctional PEG-based compounds, suitable for diverse applications. Moreover, we determined oligomer purity of the obtained PEG n -Ts using RP-HPLC and compared the results with previously discussed mass-spectrometric procedures. 33, 38, 40 We found that MSbased methods tend to overestimate the actual purity of the analyte, thus are not suitable for precise dispersity analysis.
Conceptually, we employed the unidirectional iterative coupling mode for chain elongation. 33 Although being inferior to other modes in terms of chain length growth per coupling reaction, this approach allows limiting the number of unique reaction types and retaining initially introduced chain endgroups' asymmetry.
Because mono-and disubstituted PEG derivatives are difficult to separate without the chromatographic process, chromatography-free monodisperse PEG synthetic methods are challenging, especially if the product purity is a key factor. The highlight of our approach is how the side products are managed (Scheme 1). In our method all generated PEG-type by-products are consciously transferred to the following steps and after the final reaction are easily removed by liquid-liquid extraction. This was possible due to the unique behaviour of PEG derivatives: unsubstituted, free PEG chains show strong affinity to the aqueous phase, while p-toluenesulfonyl esters of even relatively long PEG chains (n = 16) partition exclusively into the organic layer. Thus, if all the undesired by-products are eventually transformed into free PEG chains, simple extraction can efficiently separate them from the product. To achieve this goal, two orthogonally cleavable end groups were used. Conventional triphenylmethyl (trityl, Trt) was used as the main protecting group, present from the first to the last step, acting as both a hydroxy protecting group and a hydrophobic tag. The other one, the p-toluenesulfonyl group (Ts), had three functions: a leaving group for Williamson ether synthesis, a hydrophobic tag facilitating chromatography-free purification and the derivatisable functional group expanding the utility of the final asymmetric product. As the PEG building block, we used tetra(ethylene glycol) (PEG 4 ), the longest PEG oligomer available in high purity at a low price.
Initially, PEG 4 was treated with trityl chloride to yield Trt-PEG 4 (1) contaminated with Trt-PEG 4 -Trt, as confirmed by 1 H NMR and mass spectrometry (Scheme 2). This reaction proceeded swiftly at room temperature and the excess of pyridine was removed by co-evaporation with toluene. In some previous methods, 25, 26 at this step the presence of the symmetric byproduct Trt-PEG 4 -Trt was neglected, because it was assumed that vast excess of PEG 4 was used. However, this contamination would eventually affect oligomer purity of the final compound in the chromatography-free processes.
In the following step Trt-PEG 4 was tosylated, 41 giving asymmetric Trt-PEG 4 -Ts (2). The reaction proceeded quickly at 0°C, and then the remaining tosyl chloride was hydrolysed at room temperature. As long as the mixture is vigorously stirred and the mass transfer between THF-rich and aqueous phases is efficient, PEG tosylates are not hydrolysed under these conditions. It should be also noted that the ditrityl by-product, Scheme 1 The key points of chromatography-free synthesis of monodisperse oligo(ethylene glycol) mono-p-toluenesulfonates shown for octa(ethylene glycol) derivatives. All symmetric by-products are eventually transformed into hydrophilic PEGs of different lengths and removed by extraction with brine, leaving only the desired product in the organic layer. The asymmetry is introduced at the first step. The desired compounds are marked with a red star. The curved line with two blue discs represents tetra(ethylene glycol) without terminal hydrogen atoms.
Scheme 2 Synthesis of oligo(ethylene glycol) mono-p-toluenesulfonates. Compounds in the dashed box were not isolated in pure state. By-products accumulated during the earlier synthetic steps are removed after the final hydrogenation.
Trt-PEG 4 -Trt, transferred from the first step, remains inert at this and the following steps, until all trityl groups are removed.
Successively, tosylate 2 was coupled via Williamson ether synthesis with excess of PEG 4 . Importantly, apart from the desired Trt-PEG 8 (3), a product of double coupling, namely Trt-PEG 12 -Trt, appeared in a small quantity as well. However, similarly to the previously discussed Trt-PEG 4 -Trt, it remains inert during the following reactions. The ether synthesis step is responsible for the generation of undesired PEG (n−1) derivatives, generated by base-induced depolymerisation of PEG. 42 Among several previously employed conditions for the Williamson coupling, we found that using the NaH/THF system 26 at 40°C provided a good balance between the reaction progress and the depolymerisation rate.
The tosylation/coupling iterative process was repeated until the desired chain length was obtained. Then, the tosylation was performed once more, followed by catalytic hydrogenation to cleave all trityl groups. The produced triphenylmethane was removed roughly by precipitation and washed out completely with hexane. During the reaction, the symmetric, undesired ditrityl PEG derivatives had been hydrogenated into the corresponding symmetric unsubstituted PEG chains. Then, the desired PEG n -Ts was separated from free PEGs by liquid-liquid extraction with ethyl acetate and brine.
Although during the final extraction the accumulated byproducts can be easily removed, our procedure does not solve the common problem of PEG (n−1) -Ts and PEG (n+1) -Ts impurities. The one-unit-shorter oligomers appear during Williamson coupling as products of base-induced depolymerisation and both PEG (n−1) -Ts and PEG (n+1) -Ts are generated from PEG 3 and PEG 5 , respectively, present in commercially available PEG 4 in small quantities. Thus, the quality of the final product is dependent both on the quality of the purchased PEG 4 and generation of the shorter oligomers during the Williamson coupling.
Following this methodology, we successfully prepared PEG 8 -Ts (5) in the 50 g scale and confirmed that this method can be further extended to the longer oligomers, PEG 12 -Ts (8) and PEG , by simply repeating the coupling/tosylation steps. The number of steps required for the whole procedure is expressed as 2n + 3, where n is a number of chain extensions. Therefore, PEG 8 -Ts was prepared in 5 steps (overall yield 72%), PEG 12 -Ts in 7 steps (overall yield 63%) and PEG 16 -Ts in 9 steps (overall yield 62%). § For successful purification, the desired monotosylate should be partitioned into the organic layer during extraction. As the chain becomes longer, the PEG n -Ts molecule loses its hydrophobic character and isolation by extraction becomes more difficult. We investigated this issue and found that oligomers longer than PEG 24 -Ts do not have sufficiently high affinity to the organic layer and are lost during extraction. Therefore, our method cannot be applied for the synthesis of derivatives longer than PEG 24 -Ts (corresponding roughly to conventional polydisperse PEG1000).
As our method requires no chromatographic purification, a process seriously affecting the total cost and limiting the reaction scale, this procedure can be further scaled-up, even to an industrial scale. With chromatography-free design and optimized amounts of solvents and reactants we decreased the total synthetic cost significantly, compared to the established processes. Because the volume of the required solvents was reduced to a minimum, the overall volume of the liquids during the workup is low, allowing using standard-size laboratory glassware even for large-scale syntheses. For instance, synthesis and workup of ca. 100 g of intermediate 4 were done using a 1 L round-bottom flask and separation funnel. In addition to the chromatography-free design, our synthetic methodology provides significantly higher overall yields than the established methods and requires neither metal catalysts nor elaborate reagents. 33, 34, 36, 38 With large quantities of PEG n -Ts oligomers in hand, we were determined to measure the product oligomer purity as precisely as possible. Recent findings suggested that MALDI-TOF MS is superior to ESI-TOF MS in this matter. 40 However, mass-spectrometry-based methods are intrinsically not quantitative. Even though MALDI-TOF MS had been shown to give reasonable approximations at a certain laser power and ionic additive concentration, 43 we tackled the purity determination problem from a different angle. With the p-toluenesulfonyl group acting as a chromophore for UV detection, we employed reverse-phase (RP) HPLC to determine PEG n -Ts monodispersity. This method was expected to be suitable for quantitative analysis of a mixture of molecules with the same chromophore.
The separation of single oligomers by HPLC was optimized using a mixture of monotosylates prepared directly from polydisperse PEG400, consisting of various oligomers (Fig. 1a, b and S2g, h †). The desired separation quality, i.e. complete resolution of all present oligomers, was obtained with a conventional reverse-phase octadecyl-modified silica column at 40°C, eluted with an isocratic water-methanol system. The elevated temperature reduces the column backpressure and allows using higher flow rates, making the analysis more rapid. Since the molar absorption coefficient of PEG n -Ts does not depend significantly on the chain length at the wavelength λ > 266 nm (Fig. S1 †) , RP-HPLC analysis with UV detection is considered as quantitative for PEG n -Ts polydispersity determination.
The analysis showed that in general PEG n -Ts contain a small amount of PEG (n−1) -Ts and PEG (n+1) -Ts (Fig. 1c, d and S2a-f †). Additionally, traces of PEG (n−4) -Ts were found as a result of either incomplete Williamson ether synthesis reaction or PEG 4 being not completely washed away after the reaction. ¶ The monodispersity of the product decreases slowly with the § The yields were calculated based on the trityl chloride amount, the molar limiting reactant that also generated the largest fraction of the total material cost. ¶ The source of PEG (n+1) -Ts impurities is PEG 5 present in commercial PEG 4 .
Because short PEGs are produced by polymerization, followed by fractional distillation to isolate individual oligomers, commercial products are contaminated with traces of shorter and longer oligomers. chain length, and seems to be less affected by base-induced depolymerisation than by the purity of the used PEG 4 (Tables 1 and S1 †). The oligomer purity of the monotosylates synthesized by the chromatography-free procedure was determined by HPLC as 98.7%, 98.2% and 97.0% for PEG 8 -Ts, PEG 12 -Ts and PEG 16 -Ts, respectively. Surprisingly, when we compared the purity values obtained with HPLC analysis with those measured by mass spectrometry, it appeared that the results are not identical. Spectra recorded with MALDI-TOF in a reflectron mode showed a significantly lower amount of minor oligomers, i.e. significantly overestimated the purity (Tables 1, S1 and Fig. S3 †) . For instance, PEG 16 -Ts, showing above 99% purity by MALDI-TOF in reflectron mode, had an actual purity of 97% (as determined with HPLC). Spectra recorded with the MALDI-TOF spectrometer in a linear mode showed relatively good agreement with the results from HPLC analysis for shorter (n = 8, 12) oligomers, while for PEG 16 -Ts the difference was significant. Analyses performed with two different ESI-TOF MS spectrometers with the same ion source settings yielded completely different, inconsistent results. This suggests that ESI-TOF MS may be very sensitive to certain measurement conditions and therefore not a reliable source of information about oligomer purity. This conclusion is in agreement with one of the recent studies. 40 However, MALDI-TOF seems to be unsuitable for the monodispersity analysis as well. Although HPLC methods have been used for analysis and even preparative scale separations of PEGs by the chemical industry, in all the reports published recently in scientific journals, mass spectrometry was routinely employed for monodispersity analysis.
To show the versatility of PEG n -Ts as intermediates for PEGbased heterobifunctional monodisperse compounds, several useful PEG derivatives were prepared from tosylate 5 in few steps (Scheme 3).k We confirmed that both PEG termini can be orthogonally modified with various functional groups. The hydroxy group was reacted with t-butyl acrylate through oxo-Michael addition, yielding the corresponding t-butyl propionate-PEG ester (12) . This process was also done without chromatographic purification, giving the product in high yield.
The ester group was further reduced to aldehyde (13) , reactive towards amino groups, or alternatively hydrolysed to propionic-PEG acid (14) , suitable for activation with the N-hydroxysuccinimide group (NHS). The hydroxy group was also modified with divinyl sulfone, affording vinyl sulfone-PEG (15), showing similar reactivity towards thiol groups as widely used maleimide-PEG, although resistant to hydrolysis. [44] [45] [46] All the products retained the original p-toluenesulfonyl group on the opposite end of the chain, being suitable for further derivatisation. The p-toluenesulfonyl group can be transformed in numerous ways through S N 2 reactions. Here we showed three simple examples of such modifications. The tosylate was converted into azide-PEG (16), useful for 1,3-dipolar cycloaddition, and further into amine-PEG (17) , which can be transformed into maleimide-PEG. Alternatively, through the corresponding thioacetate we obtained thiol-PEG (18), suitable for surface modification.
Because the only source of polydispersity in derivatives 12-18 is tosylate 5, their oligomeric purity should not be lower than that of 5. It may be further improved during column chromatographic purification of the derivatives.
Conclusions
Here we report an efficient synthesis of monodisperse oligo-(ethylene glycol) mono-p-toluenesulfonates, featuring both no chromatographic purification and high final purity. To the best of our knowledge, this is the first chromatography-free synthetic method yielding asymmetrically substituted monodisperse PEGs. Our approach surpasses previously reported methods in terms of experimental simplicity, cost efficiency and overall reaction yields. An HPLC-based quantitative analytical method is used to confirm the high monodispersity of the products and is compared with conventional MS-based methods, showing the MS analyses to be inaccurate. We also show that oligomeric PEG n -Ts can be orthogonally functionalized into various heterobifunctional derivatives bearing groups common in bioconjugate chemistry.
Experimental
Tetra(ethylene glycol) (99%, item no. 110175) was purchased from Sigma-Aldrich and used without further purification. Dry THF was passed through the PPT Glass Contour Solvent Purification System before using. 1 H and 13 C NMR spectra were recorded at 298 K in CDCl 3 at 400 MHz and 101 MHz, respectively, with a Bruker Avance III 400 spectrometer. MALDI-TOF MS analyses were performed with a Bruker Autoflex Speed spectrometer with a 355 nm laser in a linear positive or reflectron positive mode. The samples were prepared on a ground steel target plate with an α-cyano-4hydroxycinnamic acid (CHCA) matrix by mixing 1 μL of saturated matrix solution in acetonitrile and 1 μL of the analyte solution in water or chloroform (ca. 1% w/w; molar ratio sample-matrix ca. 1 : 5). ESI-TOF MS analyses were performed with a Bruker MicrOTOF-Q II spectrometer in a positive mode with source voltage 4.5 kV from the methanolic solution (ca. 1 μM). MS data were analysed by using an mMass open source tool. 47 HPLC analyses were carried out with a JASCO LC-2000 Plus system equipped with Nacalai Cosmosil 5C 18 -AR-II, 4.6 × 150 mm column at 40°C. The mobile phase was composed of methanol-water (1 : 1) with 5 mM ammonium acetate. For every analysis 5 μL of 0.3% (w/w) sample was injected and eluted at a rate of 0.8 mL min −1 . UV detector wavelengths were set at 254 and 280 nm. UV spectra were recorded on a JASCO V-650 spectrophotometer in methanol-water 1 : 1 at 0.83 mM sample concentration.
